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❏   Getting on with it...

❏   The inner space/outer space connections  



I. Neutrino mass:  introduction

•  the ν mass story differs from than that of other standard model 
   fermions because 
       - the scale is anomalous, an eV or lower
       - the ν has no charge or other distinguishing additive 
         quantum number:  thus are the degenerate ν and ν coincident,
         orthogonal, or some admixture of these limits?

so we do an experiment:
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this defines the   which is then found to produce:

and a second one:

β−source

•  with these definitions of the      and      , they appear operationally
   distinct, producing different final states

•  introduce a “charge” to distinguish the neutrino states and to define
   the allowed reactions,  le , which we require to be additively conserved
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Historical footnote: 
•  connected with the Cl solar neutrino detector:  after Pontecorvo’s    
   suggestion,  Alvarez did a detailed background study for this detector for
   a potential reactor experiment, but did not pursue a measurement

•  Davis’s BNL program included a Savannah River experiment in which
   reactor anti-neutrinos

   failed to produce Ar, indicating that the      and     are distinct at          ,
   a prejudice embedded in the standard model 

37Cl + ν̄e → 37Ar + e−

νe ν̄e ∼ 5%
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The described experiment

source (A,Z)               (A,Z+1)             target (A’,Z’)           (A’,Z’+1)

can be done virtually in the process of       decay
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The nucleon pairing interaction gives us ∼ 50 nuclear “laboratories” in 
which to probe symmetry-violating 2nd-order weak interactions

The connection between non-observation of 0ββ ⇔ conserved ν (lepton) 
charge is altered by ν helicity and consequently by ν mass
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The discovery of apparently maximal PNC in ’57 alters the argument:
LHed particles, RHed antiparticles
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Remove the restriction of an additively conserved lepton number

allowed, with a rate
proportional to GF4

νe



and account for suppressed rates by the nearly exact handedness 
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So a Majorana ν, in a theory with exact V-A, is allowed provided the ν 
mass is sufficiently small that the ν’s wrong-helicity component, 
proportional to mν/Eν, suppresses the ββ rate below experimental bounds

Majorana terms thus perfectly fine.  Under the theory that what is not 
expressly forbidden is then required, νs then allow us to probe a novel 
mass mechanism that cannot operate for charged SM fermions
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Two limiting massive ν descriptions

νLH νRH

boost

CPT

Majorana:
boost

νLH

νRH

Dirac:

boosts

CPTCPT

νLH νLH νRHνRH

Lorentz invariance

in general, linear 
combinations

of the two



Let’s see the mass consequences:  start with the Dirac eq., project out 

Allow for flavor mixing

To give the mass 4n by 4n matrix

(Ψ̄c
L, Ψ̄R, Ψ̄L, Ψ̄c

R)





0 0 ML MT
D

0 0 MD M†
R

M†
L M†

D 0 0
M∗

D MR 0 0









Ψc
L

ΨR

ΨL

Ψc
R





Lm(x) ∼ mDψ̄(x)ψ(x)⇒MDΨ̄(x)Ψ(x)

C ψR/L C−1 = ψc
R/LψR/L = 1

2 (1± γ5)ψ]

ΨL ≡




Ψe

L
Ψµ

L
Ψτ

L







Observe that the handedness allows an additional generalization

(Ψ̄c
L, Ψ̄R, Ψ̄L, Ψ̄c

R)





0 0 ML MT
D

0 0 MD M†
R

M†
L M†

D 0 0
M∗

D MR 0 0









Ψc
L

ΨR

ΨL

Ψc
R





to give the more general matrix

which has a number of interesting properties

•  the eigenvectors are two-component Majorana spinors:  2n of these

•  the introduction of                breaks the global invariance
   associated with a conserved lepton number 
   

ML, MR Ψ→ eiαΨ

Lm(x)⇒MDΨ̄(x)Ψ(x) + (Ψ̄c
L(x)MLΨL(x) + Ψ̄c

R(x)MRΨR(x) + h.c.)



•  the removal of                makes the eigenvalues pairwise degenerate:
   two two-component spinors of opposite CP can be patched together to
   form one four-component Dirac spinor -- so one gets n of these

•  the mass that appears in double beta decay is                         , where
       is the ith’s neutrino CP eigenvalue and        the coupling probability
   to the electron:  this vanishes when   

•  the MSM has no RHed neutrino field;        can be constructed, but
   does not appear in the MSM because it is not renormalizable

   it is the only such dimension-five operator in the SM, and thus a likely
   source of the new physics that would show the MSM is breaking down

•  ββ decay constrains the LHed Majorana mass to be below about an eV

ML, MR

∑2n
i=1 U2

eiλimi

λi U2
ei

ML, MR → 0

ML

ML ∼ 〈φ〉2
Mnew



Missing solar neutrinos were 
traced to the phenomenon of 

neutrino oscillations: 
Neutrinos spontaneous change 
from one type (electron) to 
another (muon) before they 

arrive on earth.

This phenomenon requires 
neutrinos to have a mass,

though our “standard model” of 
particle physics says neutrinos 

must be massless.

The mass requires either the 
existence of new neutrino 
states or new interactions.
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rinos. These neutrinos interact with atomic nuclei in the
water to produce electrons, muons or tau leptons that travel
faster than the speed of light in water to produce a shock wave
of light called Cerenkov radiation. This radiation can be
detected by sensitive photomultiplier tubes surrounding the
water tank.

From these signals, the SuperKamiokande team could also
determine the directions from which the neutrinos came.
Since the Earth is essentially transparent to neutrinos, those
produced high in the atmosphere on the opposite side of the
planet can reach the detector without any problems. The
team discovered that about half of the atmospheric neutrinos
from the other side of the Earth were lost, while those from
above were not. The most likely interpretation of this result is
that the muon neutrinos converted or “oscillated” to tau neut-
rinos as they passed through the Earth. SuperKamiokande is
unable to identify tau neutrinos. The particles coming from
the other side of the Earth have more opportunity to oscillate
than those coming from above. Moreover, if neutrinos con-
vert to something else by their own accord, we conclude that
they must be travelling slower than the speed of light and
therefore must have a mass.

SuperKamiokande was also used to monitor solar neut-
rinos. The fusion reactions that take place in the Sun only
produce electron neutrinos, but these can subsequently oscil-
late into both muon and tau neutrinos. Though the experi-
ment was able to detect the solar neutrinos, it was unable 
to distinguish between the different neutrino types. In con-
trast, the Sudbury Neutrino Observatory (SNO) in Canada
can identify the electron neutrinos because it is filled with
“heavy water”, which contains hydrogen nuclei with an extra
neutron. Small numbers of electron neutrinos react with the
heavy-hydrogen nuclei to produce fast electrons that create
Cerenkov radiation (figure 1).

By combining the data from SuperKamiokande and its own
experiment, the SNO collaboration determined how many
muon neutrinos or tau neutrinos were incident at the Japan-
ese detector. The SNO results also provided further evidence
for neutrino mass and confirmed that the total number of
neutrinos from the Sun agreed with theoretical calculations.

The implications of neutrino mass are so great that it is 
not surprising that particle physicists had been searching 
for direct evidence of its existence for over four decades. In
retrospect, it is easy to understand why these searches were
unsuccessful (figure 3). Since neutrinos travel at relativistic
speeds, the effect of their mass is so tiny that it cannot be
determined kinematically. Rather than search for neutrino
mass directly, experiments such as SuperKamiokande and
SNO have searched for effects that depend on the difference in
mass between one type of neutrino and another.

In some respects these experiments are analogous to inter-
ferometers, which are sensitive to tiny differences in frequency
between two interfering waves. Since a quantum particle can
be thought of as a wave with a frequency given by its energy
divided by Planck’s constant, interferometry can detect tiny
mass differences because the energy and frequency of the
particles depend on their mass.

Interferometry works in the case of neutrinos thanks to the
fact that the neutrinos created in nuclear reactions are actu-
ally mixtures of two different “mass eigenstates”. This means,
for example, that electron neutrinos slowly transform into 
tau neutrinos and back again. The amount of this “mixing” is

quantified by a mixing angle, θ. We can only detect interfer-
ence between two eigenstates with small mass differences if
the mixing angle is large enough. Although current experi-
ments have been unable to pin down the mass difference and
mixing angle, they have narrowed down the range of possi-
bilities (figure 4).

Implications of neutrino mass
Now that neutrinos do appear to have mass, we have to solve
two problems. The first is to overcome the contradiction be-
tween left-handedness and mass. The second is to understand
why the neutrino mass is so small compared with other parti-
cle masses – indeed, direct measurements indicate that elec-
trons are at least 500 000 times more massive than neutrinos.
When we thought that neutrinos did not have mass, these
problems were not an issue. But the tiny mass is a puzzle, and
there must be some deep reason why this is the case.

Basically, there are two ways to extend the Standard Model
in order to make neutrinos massive. One approach involves
new particles called Dirac neutrinos, while the other ap-
proach involves a completely different type of particle called
the Majorana neutrino.

The Dirac neutrino is a simple idea with a serious flaw. Ac-
cording to this approach, the reason that right-handed neut-
rinos have escaped detection so far is that their interactions are
at least 26 orders of magnitude weaker than ordinary neut-

2 Neutrinos meet the Higgs boson
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(a) According to the Higgs mechanism in the Standard Model, particles in the
vacuum acquire mass as they collide with the Higgs boson. Photons (γ) are
massless because they do not interact with the Higgs boson. All particles,
including electrons (e), muons (µ) and top quarks (t), change handedness
when they collide with the Higgs boson; left-handed particles become 
right-handed and vice versa. Experiments have shown that neutrinos (ν) are
always left-handed. Since right-handed neutrinos do not exist in the Standard
Model, the theory predicts that neutrinos can never acquire mass. (b) In one
extension to the Standard Model, left- and right-handed neutrinos exist.
These Dirac neutrinos acquire mass via the Higgs mechanism but 
right-handed neutrinos interact much more weakly than any other particles.
(c) According to another extension of the Standard Model, extremely heavy
right-handed neutrinos are created for a brief moment before they collide with
the Higgs boson to produce light left-handed Majorana neutrinos.
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right-handed neutrinos interact much more weakly than any other particles.
(c) According to another extension of the Standard Model, extremely heavy
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in

ν2ν1 ν3

d s b

u c t

e µ τ

meVµeV eV keV MeV GeV TeV

fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.

Hitoshi Muryama’s ν mass 
cartoon

standard model masses

LHed Majorana neutrino

light Dirac neutrino

← the anomalous ν mass scale



The ν’s more general mass ⇒ explanation ν mass scale

•  give the ν an MD  typical of other SM fermions

•  take ML ∼ 0, in accord with ββ decay

• assume MR >> MD as we have not found new RHed physics at low E

 • take mν ∼ √m2
23 ∼ 0.05 eV and mD ∼ mtop ∼ 180 GeV 

                     ⇒ mR ∼ 0.3 × 1015 GeV 

So this was the source of the excitement with the SK and SNO 
discoveries of 1998-2002:   the deduced ν mass differences are consistent 
with a novel mass generation mechanism, not shared by other SM fermions, 
that the data suggest might be characteristic of the GUT scale  

(
0 mD

mD mR

)
⇒ mlight

ν ∼ mD

(
mD
mR

)



II.  The inner space ⇔ outer space connection:
exotic astro environments testing νs ⇒ lab

Deep issues regarding mass 
seem connected to the 
large-scale properties of our 
universe:   νs involved

•  baryon asymmetry
•  net mass in SM particles
      - from BBN directly
      - from baryon-DM
        interactions @ 400K y
•  DM density
•  the bounds on the ν
   contribution to DM
•  ν mass differences
•  the curious conspiracy of
   DM and DE that yields
   Ω=1 and DM ∼ DE today



Our initial results on neutrino properties                           Hierarchy
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to within current
experimental 

accuracy, a mixing 
angle of 45°

hints it may 
be nonzero



1.1

Neutrino mixing status: !12, !23




"e

"#

"$



=





c12c13 s12c13 s13e−i%

−s12c23− c12s23s13ei% c12c23− s12s23s13ei% s23c13
s12s23− c12c23s13ei% −c12s23− s12c23s13ei% c23c13









"1

ei&1"2
ei&2"3





=





1

c23 s23
−s23 c23









c13 s13e−i%

1

−s13ei% c13









c12 s12
−s12 c12

1









"1

"2

"3





atmospheric "e disappearance solar
results: !23 ∼ 45◦ sin!13 ≤ 0.17 !12 ∼ 30◦

!"!

!"#$%&'( )&*&'+ ,$-$#,. !!#/ !#$





"!

"#

"$



=





"!#"!$ #!#"!$ #!$!
−$%

−#!#"#$− "!###$#!$!
$%

"!#"#$− #!###$#!$!
$%

##$"!$

#!###$− "!#"#$#!$!
$% −"!###$− #!#"#$#!$!

$%
"#$"!$









"!

!
$&!"#

!
$&#"$





=





!

"#$ ##$

−##$ "#$









"!$ #!$!
−$%

!

−#!$!$% "!$









"!# #!#

−#!# "!#

!









"!

"#

"$





-$)(,01"%&2 "! 3&,-00"-%-'2" ,(4-%

%",#4$,. !#$ ∼ %&◦ '()!!$ ≤ *.!+ !!# ∼ $*◦

∆12 |∆23| sign[∆23] absolute scale

The mixing                        (where we have additional blanks to fill in)

                      knowns:                  known unknowns: θ13 δ,φ1,φ2



Astrophysics has inventoried SM mass @ 4%:  B asymmetry requirements:
    -   baryon number violation
    -   out of equilibrium interactions 
    -   C and CP violation:  known SM CP sources appear insufficient

but

⁄
Jν
CP = sin θ12 sin θ23 sin θ13 cos θ12 cos θ23 cos θ13

2 sin δ

∼ 0.2 sin θ13 sin δ
T2K                  search

              

νµ → νe



Experimental parameters
    -   2.5º off-axis relatively narrow ν beam, yielding           ∼ 0.6 GeV
            
    -   the J-PARC : SuperK baseline, which then places the detector at
        the Δm23 first oscillation maximum

    -                 appearance at a baseline much shorter than that
        optimizing appearance via θ12, so the effects of θ13 can be seen

find 6 events when 1.5 ± 0.3 would be expected were θ12 = 0  (2.5 σ)

deduce                                                         normal(inverted), δCP = 0

compares to CHOOZ, MINOS                           and potentially 
indicates significant future LBNE sensitivity to δCP = 0

So it is quite possible that νs determined the SM mass inventory
And one hopes low-E CP parameters ⇒ high-T leptogenesis 

Epeak
ν

νµ → νe

⁄

0.03(0.04) ! sin2 2θ13 ! 0.28(0.34)

sin2 2θ13 ! 0.15



Baryonic mass at low T:   Once η=nB/nγ is set, the evolution to the end 
state of H and He is both interesting and ν driven

this “condensed matter” problem may seem pedestrian, but it actually
quite curious

quark
masses

mechanism:
SM Higgs(?)

nucleon
masses

99% of 
baryonic mass

is glue

nuclear
masses

almost none
of the mass in

interaction

→



H and He:   νs at high early-universe temperatures may determine
η=nB/nγ.  There is a curious mapping of that mass onto our low-T world
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Baryonic mass:   νs at high early-universe temperatures may determine
η=nB/nγ.  There is a curious mapping of that mass onto our low-T world

BBN production of H/He used to be our way of measuring net SM mass.
but WMAP determined η=nB/nγ fixing the one free BBN parameter  ⇒

now largely a test of the ν physics of the early universe

quark
masses

mechanism:
SM Higgs

nucleon
masses

99% of 
baryonic mass

is glue

nuclear
masses

almost none
of the mass in

interaction



Competing clocks of expansion driven by the relativistic species and 
weak interactions driving n densities downward
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FIG. 1: Yp contours in the ξνe and Neff parameter space
assuming neutrino flavor equilibration (ξνe = ξνµ = ξντ ).
The horizontal light (yellow) band corresponds to the 1σ
WMAP 7 year result. The black contours show a range of
calculated values of Yp given model independent inputs of
ξνe and Neff . The shaded (colored) vertical bands mark the
Izotov and Thuan 1σ, 2σ, and 3σ ranges of Yp. The bottom
black curve shows the contribution to Neff from neutrino
asymmetries alone.

ously been considered as ruled out.
Clearly, suitable candidates should fit a number of

conditions: (1) they should couple to matter and radi-
ation strongly enough to be produced by thermal pro-
cesses before BBN but (2) should not contribute too
many extra degrees of freedom to the radiation gas,
constrained in turn by measurements of Yp. Further-
more, (3) they are constrained by the existing cos-
mological bounds on the density of light extra de-
grees of freedom coming from a combination of data
from the CMB, Large Scale Structure (LSS), Lyman
Alpha Forest, and Baryon Acoustic Oscillations [8]:
Ωνh2 < 0.006 (95% CL). We consider specific scenarios
and constraints in the following sections.

NEUTRINO ASYMMETRIES AND DECAYS

An overabundance of neutrinos with respect to anti-
neutrinos or vice-versa, Lν ≡ (nν − nν̄)/nγ , is de-
fined by a non-zero degeneracy parameter, ξ: Lν =
π2/(12ζ(3))(Tν/T )3(ξ + ξ3/π2). The total change in
the effective number of relativistic species resulting
from asymmetries in each flavor, ξνα , is given by

∆Neff =
∑

α=e,µ,τ

[
30

7

(
ξνα

π

)2

+
15

7

(
ξνα

π

)4
]
. (1)

In most theoretical scenarios, lepton and baryon asym-
metries are enforced to be of the same order by
sphalerons [16], so that Lν ∼ 10−10 − 10−9. However,
several scenarios have been proposed in which a large
lepton asymmetry can be generated while preserving
a small baryon asymmetry, using e.g., GUT models,
the Affleck- Dine mechanism, Q-balls, resonant oscil-
lations, etc. [17–22]. Therefore, here we assume Lν as
independent from the baryon asymmetry and consider
only direct constraints on it from neutrino physics.

While asymmetries in all flavors contribute to an
increase in energy density, only an asymmetry in the
electron flavor influences the weak neutron-proton in-
terconversion processes. For this reason, the sensitivity
of BBN to ξνe is remarkably high: |ξνe | <∼ few 10−2

is needed for compatibility with measured abundances
(see e.g.[3, 14, 15, 23–27]). This applies also to the
asymmetries in the other flavors at the time BBN, since
oscillations should produce an at least approximate fla-
vor equilibration before BBN [28–31].

Under such strong constraint, neutrino asymmetries
alone generally cannot account for a ∆Neff ∼ 1. An
interesting exception is the somewhat fine-tuned sce-
nario of initial (pre-equilibration) flavor asymmetries
that are large and opposite in sign. After equilibra-
tion, a surviving ∆Neff ∼ 1 can be realized, together
with sufficiently small asymmetries that satisfy BBN
bounds [32]. This reopens the possibility of having,
at BBN, virtually any combination of ξνα and energy
density. In general, asymmetries could coexist with
other effects (e.g., a sterile neutrino, see next section)
that could independently increase Neff . Therefore an
analysis that treats asymmetries and energy density
as independent is necessary to find the most general
constraints on both.

Here we perform such a study, using a modified ver-
sion of the Kawano/Wagoner BBN code described in
detail in Ref. [13, 33]. In Fig. 1 we illustrate the
interplay between asymmetries and Neff by plotting
the Yp abundance yield isocontours in the Neff - ξνe

parameter space. This figure shows calculations for
model-independent inputs of Neff over a wide range
of neutrino asymmetries, where we have adopted the
condition of neutrino equilibration of asymmetries, so
that the allowed range of asymmetries is small, and the
direct effect of such asymmetries on Neff is minimal
(as displayed in the lower curve, which shows the extra
direct contribution to Neff from such asymmetries).
The horizontal band for Neff corresponds to the 1σ
WMAP 7 year result quoted earlier.

The BBN code used to make Fig. 1 differs from oth-
ers in a number of ways, mostly in the treatment of
the weak processes. It allows for calculations that in-
clude both the effects from higher relativistic degrees

Krauss,
Lunardini,

Smith

BBN and CMB studies constrain the ν number and asymmetry 
weak hints that all is not right    (but best to wait for Planck...) 

WMAP-7
4.34 ± 0.87

(3.0 expected)



Nao Suzuki (Tytler group) 2006!

also, a puzzle
with 7Li, which 

has a well-defined
primordial abundance 

plateau, but not
one consistent
with BBN and

known 
uncertainties



Absolute ν mass scale:   the one “known” component of DM is the ν

To “measure” ν mass cosmologically at                      , need a sensitivity
to hot dark matter at ∼ .001 ρcrit  :  current sensitivity ∼ .013 ρcrit

νs with a smaller mass remain relativistic longer, travel further, and 
suppress growth of structure on larger scales

Thus ν influences on structure evolve with both redshift Z and spatial 
scale in a characteristic way:

   
νs alter the evolution of the the baryons + CDM at the few % level,
though they comprise only 0.1% of today’s energy density 

√
∆m2 atmos

ν



the precision of LSS surveys scales               ,  so a factor of 100 needed          

effects that are scale-dependent at fixed Z, and evolve in a characteristic
way with Z, can be differentiated from other parameter changes

there are a variety of both high-Z and low-Z surveys in preparation that 
envision such enlarged data sets
           - various analyses of combined projected data sets (high-redshift
             galaxy surveys, SDSS-III BOSS 105 QSO survey, Planck CMB 
             data, 21cm radio telescopes with 0.1 km2  collection,  weak 
             lensing ... )   sensitive to   

combine data sets to span the  greatest possible range of Z and scale

could get lucky and determine the hierarchy (< 100 meV)

systematics could dominate:  will the various data sets that sampling Z and
scale yield a consistent picture when combined?

         

   suppression greater at lower z:  important test

mν ∼ 50 meV at 1− 7σ



Mass differences, oscillations:  Vacuum oscillations for an extended source

But νs acquire an effective mass in matter, with distinctive effects
arising when:       the effective mass ∼ the vacuum mass difference

The great good fortune in solar νs comes from Nature’s choice 

so that

By observing the matter effects on     , one extracts the sign of

But         ?

1− 1

2
sin2 2θ12

ρres ∼ 1.3× 106
(
∆m2

eV2

)(
5 MeV

Eν

)(
0.5

Ye

)
cos 2θ g/cm3

δm2
12 ∼ 8× 10−5eV2

ρres(Eν ∼ 10 MeV) ∼ 25 g/cm3 < ρcore
ρres(Eν ∼ 1 MeV) ∼ 250 g/cm3 > ρcore

∆m12νe

∆13



m
2

 e
ff

density10
12
g/cm

3
vacuum

e

e

e

matter effects will alter the  fluxes from the next galactic supernova

crossing at 104 g/cm3 (SN carbon zone), when
SN explosion physics is over, ν spectra stable

solar crossing
low E ⇒ vacuum

high E ⇒ matter

atmospheric

(vacuum)
νµ → ντ

If the T2K results hold up, the MSW mechanism will alter SN physics:
the transition is adiabatic unless       is very small, < 10-4θ13



III.  Lab experiments:  we need to get on with it 

If there are no surprises, progress is still needed in four areas

1) absolute mass scale
2) lepton number and the mass mechanism
3) the hierarchy and related issues of 1-3 matter effects
4) CP violation



Absolute ν mass:   the one identified component of DM

tritium β decay is running into intrinsic limits due to feasible source
intensities and detector resolution

23

FIG. 3: The electron energy spectrum of tritium β decay: (a) complete and (b) narrow region around endpoint E0. The
β spectrum is shown for neutrino masses of 0 and 1 eV.

1. the hydrogen isotope tritium and its daughter, the 3He+ ion, have a simple electron shell configuration. Atomic
corrections for the β decaying atom -or molecule- and corrections due to the interaction of the outgoing β-electron
with the tritium source can be calculated in a simple and straightforward manner

2. The tritium β decay is a super-allowed nuclear transition. Therefore, no corrections from the nuclear transition
matrix elements M have to be taken into account.

The combination of all these features makes tritium an almost ideal β emitter for neutrino mass investigations.

Current tritium β-decay results

The Mainz and Troitsk groups have set the most precise limits on the electron antineutrino mass. Both experiments
utilize novel magnetic solenoidal retarding electrostatic spectrometers which measure an integral beta spectrum,
integrating all energies above the acceptance energy of the spectrometer. In their measurements, the Mainz group
utilized a frozen molecular tritium source. Their result [165] is:

m2
νe

= −1.2 ± 2.2 ± 2.1 eV 2, (37)

which yields a limit of:

mνe
< 2.2 eV (95%CL). (38)

This result is based on data that has passed several systematic and consistency checks. The Troitsk group[166, 167]
developed a gaseous molecular tritium source and has also published a limit similar to that of the Mainz group of

m2
νe

= −2.3 ± 2.5 ± 2.0 eV 2, (39)

with a limit of:

mνe
< 2.1 eV (95%CL). (40)

However, they must include a not well understood step function near the endpoint in order to produce such a limit.

Next generation experiments

The KArlsruhe TRItium Neutrino project (KATRIN) experiment

The KArlsruhe TRItium Neutrino project (KATRIN) experiment is a next-generation tritium β-decay experiment
designed to measure the mass of the neutrino with sub-eV sensitivity[168]. KATRIN utilizes a windowless gaseous

〈mν〉tritium =
∑

i

|Uei|2m2
ν(i)



present limit                                                           Mainz & Troitzk
KATRIN’s goal is to reach 250 meV,  with 5σ exclusion at 350 meV

the measurement is clean, and one could get lucky ... but cosmology
may provide our best hope of reaching the 50 meV level

〈mν〉tritium < 2.2 eV



lepton number and the mass mechanism:  neutrinoless ββ decay

analogous to the search for the Higgs
    - a mass mechanism connected to the simplest effective SM operator
    - indirect sensitivity to near-GUT-scale physics
    - direct sensitivity to heavy-ν super-TeV physics

GERDA (76Ge), CUORE (128Te) currently limit

puzzles me why this problem is not being attacked with more urgency
and at a more elevated scale:   
the physics is unique, the potential implications profound, the discovery
potential quite high

〈mMaj
ν 〉 =

2n∑

i=1

λiU
2
eimi or 〈 1

mheavy
ν

〉 = U2
ei

1
mheavy

i

〈mMaj
ν 〉 < (0.3 − 1.0) eV 〈 1

mheavy
〉 <

1
104 TeV
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FIG. 1: Effective Majorana mass 〈mββ〉 versus the minimum mass mνmin . The different mass patterns are indicated. The
shaded region corresponds to the best values of oscillation parameters, and θ13 = 0. The dashed lines indicate the expanded
range corresponding to the 1σ errors of the oscillation parameters and the maximum allowed θ13. Note that the uppermost
line is unchaged (within this scale) in that case.

Quite different source of information is based on cosmological and astrophysical observations where the density of
the primordial neutrino sea is determined or constrained and thus a parameter proportional to the sum of the neutrino
masses is determined.

Massive neutrinos would contribute to the cosmological matter density an amount,

Ωνh2 = Σmνi
/92.5 eV , (14)

where Ων is the neutrino mass density relative to the critical density and 100h is the Hubble constant in km/s/Mpc.
From the requirement that the neutrinos left over from the Big Bang do not overclose the universe an upper limit,
with a minimum assumptions (essentially just the requirement of stability), is obtained

mν ≤
46 eV

Nν
, (15)

where Nν is the number of neutrino species with standard weak interactions [29].
More restrictive limits are obtained from the requirement that excessive free streaming in the early universe would

not suppress small scale power of the observed matter distribution. The relation between the damping scale dFS

caused by free streaming, and the neutrino mass is approximately

dFS (Gpc) ∼ 1/mν (eV) . (16)

The data on Cosmic Microwave Background (CMB) and large scale galaxy surveys can be used to constrain Nνmν

for the quasi-degenerate neutrino mass spectrum, and thus also mν for various assumed number of neutrino flavors
Nν . The following Table II is based on [30]. Different analyses with different assumptions typically reach similar
conclusions, suggesting that these limits are fairly robust (see more discussion further in this report).

For completeness, note that, in principle, neutrino mass can be also extracted from the time of flight determination
of neutrinos from future galactic supernova. However, one does not expect to be able to reach sub-eV sensitivity with
this method (see e.g.[31]).

It is worthwhile to stress that the various methods that depend on the neutrino absolute mass scale are comple-
mentary. If, ideally, a positive measurement is reached in all of them (0νββ β decay, cosmology) one can test the
results for consistency and perhaps determine the Majorana phases. We illustrate the idea [3] in Fig. 2 using a
two-neutrino-species example of such a set of measurements. (A 3-species example is discussed in Ref. [3].) We took
the mixing matrix and ∆m2 to be the best fit to the solar-neutrino data, with an arbitrary value for the Majorana
phase α (of which there is only one) of 2.5 radians. We then made up values for Σ, 〈mββ〉, and 〈mβ〉 assuming them to
be the results of pretend measurements. Each curve in the m2 vs. m1 graph is defined by one of these measurements.
We chose the value of Σ (from cosmology) to be 600 meV, corresponding to a quasidegenerate hierarchy, and let 〈mβ〉

from APS ν Study

with best-value parameters

including one-σ uncertainties

20 meV ↔ hierarchy

argument for 100-fold
increase in detector 
mass, to 1-10 tons



The hierarchy: 

This may be the (known) ν-physics issue of most significance to astro

      - it affects the interpretation of the mass sum that will emerge
        from the next decade of cosmological LLS measurements

      - it alters the flavors of supernova νs, where in the absence of
        oscillations

       
        consequently affecting energy deposition, nucleosynthesis, and
        the interpretation of signals seen in terrestrial detectors

      - it qualitatively alters a new ν phenomenon we can only study
        in supernovae, a nonlinear MSW mechanism arising from 
        ν-νtrapped interactions that is hypersensitive to hierarchy

analogous t
    - a mass mechanism connected to the simplest effective SM operator
    - indirect sensitivity to near-GUT-scale physics
    - direct sensitivity to heavy-ν super-TeV physics

GERDA (76Ge), CUORE (128Te) currently limits

puzzles me why this problem is not being attacked with more urgency
and at a more elevated scale:   
the physics is unique, the potential implications profound, the discovery
potential quite high

Theavy flavor > Tν̄e > Tνe
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FIG. 3: (Color online) Plots of survival probabilities Pνν for neutrinos (left panels) and antineutrinos (right panels) as functions
of both neutrino energy Eν and emission angle ϑ0 at radius r = 225 km. The upper panels employ a normal neutrino mass
hierarchy, and the lower panels employ an inverted neutrino mass hierarchy.

mann’s constant kB. This simultaneous conversion of να

and ν̄α quickly spreads to all neutrino/antineutrino tra-
jectories, leading to coherent, collective flavor oscillations
of the entire neutrino/antineutrino field. For the inverted
mass hierarchy, the opposite is true: radially-propagating
neutrinos and antineutrinos transform first.

These features of flavor development can be seen in
Fig. 2. The survival probability at location t along a
given neutrino’s world line is, e.g., for a neutrino which
is initially electron flavor, Pνeνe

(t, ϑ0, Eν) = |aee (t) |2.
In Fig. 2 we show the energy-spectrum-averaged survival
probabilities 〈Pνν〉 for νe and ν̄e as functions of r for
both the normal and the inverted neutrino mass hierar-
chy cases. Here the energy averages are over the initial
energy spectra for each flavor. It is clear that flavor evo-
lution along different trajectories can be different, yet it
is also evident that neutrinos and antineutrinos can un-
dergo simultaneous, significant medium-enhanced flavor
conversion. Our simulations show that this conversion
can take place over broad ranges of neutrino and an-

tineutrino energy. We have also performed simulations
using the single-angle approximation widely adopted in
the literature. These give results qualitatively similar to
our multi-angle calculations, as shown in Fig. 2. The
collective neutrino flavor transformation observed in our
simulations is not the “synchronized” mode described in
Ref. [7]. In the normal mass hierarchy case, neutrinos
or antineutrinos in the synchronized mode undergo one-
time transformation in the same way as does a neutrino
with energy psync [7]. There would be little synchronized
flavor transformation in the inverted neutrino mass hier-
archy.

The collective neutrino flavor transformation evident
in Fig. 2 is likely of the “bi-polar” type as described in
Ref. [20]. In this mode, neutrinos and antineutrinos ex-
perience in-phase, collective, semi-periodic flavor oscilla-
tions, even for the inverted mass hierarchy. This behavior
was first observed in numerical simulations of neutrino
flavor transformation in the early universe [21, 22]. It
has been argued [20] that neutrinos and antineutrinos
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From Duan et al.

r ~ 225 km!  deep in the supernova core



LBNE: hierarchy and CP violation
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-  FermiLab to DUSEL baseline plus the goal of seeing more than one    
   oscillation defines beam energy

-  present guidance is 700 kW broad-band beam, on axis, water or argon 
   detector, using a new beamline to DUSEL and FermiLab’s main injector
   (produces 120 GeV protons, energy might be lowered)

-  matter effects (hierarchy) and CP phase; 5 years of ! then ! running

Thursday, August 26, 2010

700 kW beam, on axis, water/argon megadetector, beamline to “DUSEL”

1300 km of matter:  sign of matter effects ⇔ normal/inverted;

 5 years of               running                                   for CP
     

νµs, ν̄µs νµ → νe vs ν̄µ → ν̄e ⁄
sounds like a good plan...
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P
(

νµ → νe

ν̄µ → ν̄e

)
=

(sin2 2θ23 sin2 2θ13)(sin2 ∆31)
± sin δ (sin 2θ13 sin 2θ23 sin 2θ12)(sin2 ∆31 sin ∆21)

+ cos δ (sin 2θ13 sin 2θ23 sin 2θ12)(sin ∆31 cos ∆31 sin ∆21)
+(cos2 θ23 sin2 2θ12)(sin2 ∆21)

Vacuum formula

nonzero?

altered by matter

3

(Mass)2

!1

!2

!3

or

!1

!2!3

}"m2
sol

"m2
atm

}"m2
sol

"m2
atm

        "m2
sol = 7.6 x 10–5 eV2,     "m2

atm  = 2.4 x 10–3 eV2~ ~

Normal Inverted

Are there more mass eigenstates, as LSND suggests,

and MiniBooNE recently hints?

The (Mass)2 Spectrum

Effects intertwined, as
two channels are not CP
conjugate when in matter



Other problems…

Long Baseline experiments are usually low in antineutrino statistics

! a combination of style of beam and cross section

… and the backgrounds are larger compared to signalbut the larger difficult is the energy-dependent backgrounds that must be properly 
subtracted to determine the imprint of the oscillations

Thursday, August 26, 2010

challenging:

broad band beam;  baseline requires a spectrum centered at about 2 GeV          

low statistics, some beam contamination, backgrounds from π0 production

must be able to identify events (quasielastic kinematics) for which one
can reconstruct the initial beam energy



Expectation for inverted hierarchy:
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So my conclusions

We have two “must do” decadal experimental programs -- ββ decay and
LBNE -- addressing some of the most important questions in physics

Concerned that we won’t “get after it” the way we should
      
Especially important to do the LBNE program as well as possible
     -- as a nuclear physicist, complexity of the nuclear response at 2 GeV
        worries me:  so many ways unobserved energy can be dissipated
     -- this argues for the most capable detector technology and the
        best near detector, and careful thought about ancillary tests one
        can make of event generators
     -- programs like Daedalus, with lower energy νs, deserve consideration

Not a time to cut corners


